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During the past several years progress has been made in exploring 
the oheaLstiy of eyclopentenone and soma of its derivatives. This *>rt 
has led to the preparation of several new compounds and simpler synthetic 
routes to others. 
The advent of nuclear magnetic resonance spectrometry and the recent 
commercial availability of nja.r. spectrometers presented the opportunity 
to examine these interesting compounds with a powerful new research tool. 
Thus this study was undertaken with the object of obtaining the NMR 
spectra of many of the more recently synthesized oyolopentenone deriva­
tives. No spectra of these compounds have previously been reported in 
the literature. 
The object of this study was not only to add to the growing body of 
NMR spectra of organic compounds, but also to confirm previous structure 
assignments and to observe interesting aspects of NMR spectroscopy as 
evidenced in the cyclopentenones. 
2 
HISTORICAL 
Theory of Nuclear Magnetic Resonance Spectroscopy 
Nuclear magnetic resonance (HMR) was first observed in bulk matter 
1 2 in 1945. ' The first spectra with separate lines for chemically 
different nuclei in the same molecule were obtained for alcohols by 
Arnold and co-workers^  in 1951* In the succeeding decade NMR techniques 
have rapidly advanced and wide applications to organic chemistry have 
been made. 
Jl c 
Many treatments of NMR theory exist in the literature, ' conse­
quently only a brief review of the theory will be undertaken here. 
The nuclei of certain isotopes behave as if they were charged 
spinning bodies. This circulation of charge produces a magnetic moment 
along the axis of rotation. Certain of these isotopes are of particular 
interest in organic chemistry, e.g. 3^c, and 31p. They are 
considered to have nuclear spin I of This means that the magnitude 
of their magnetic moments in any given direction has only two equal, bat 
M. Puree 11, H. C. Torrey and R. V. Pound, Phvs. Rev.. 69. 37 
(1946). 
Bloch, W. W. Hansen and M. Packard, Phvs. Rev.. 69. 127 (1946). 
J^. T. Arnold, S. S. Dharmatti and M. E. Packard, j,. Chem. Phvs.. 
12. 507 (1951). 
%or leading references to the early literature see J. E. Hertz, 
Chea. Rev».. H, 829 (1955). 
5A recent comprehensive treatment of HMR theory may be found in J. 
A. Pop le, W. 0. Schneider and H. J. Bernstein, Higk-Re solution Nuclear 
Magnetic Resonance, New Tork, N.T., McGraw-Hill Book Co., Inc., 1959* 
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opposite. Ouôdirvatsle values that correspond to spin quantun numbers equal 
to +§• and 
If an external magnetic field is applied to a group of these nuclei, 
these nuclear nagnets will experience torques and will tend to line up 
with the field (I = -\) or against the field (I = +§•). The more favorable 
energy state is the one corresponding to alignment with the field. The 
difference in energy between the states, AB, is proportional to the 
strength of the applied field H at the nucleus. At ordinary temperatures 
within the practically attainable range of values for H, the equilibrium 
concentrations of nuclei in the two possible states are always very 
nearly equal. This is because the energy differences between the states 
are quite small and because alignment of the nuclei with the field is 
opposed by thermal agitation in accord with the Boltzmann distribution 
law. It has been calculated^  that at 300°K in a field of 9tkG0 gauss 
that the ratio is 1.0000066/1 in favor of the spin state 1 * 
When a nucleus with a magnetic montent is acted upon by a magnetic 
field its magnetic vector behaves as if it were undergoing precession 
around the field axis at an angular velocity that is proportional to the 
magnetic field at the nucleus and is exactly equal to the frequency of 
electromagnetic radiation which is necessary to induce a transition from 
one nuclear spin state to an adjacent level. 
To summarize, under appropriate conditions these nuclei can absorb 
. D. Roberts, Nuclear Magnetic Resonance, New York, N.Y., McGraw-
Hill Book Co., Inc., 1959» p. 9» 
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energy froz a magnetic field, in a direction at right angles to the main 
field, os cilia, ting with a frequency in the radio-frequency region to 
cause transitions between adjacent energy levels. Such absorption gives 
rise to what is termed the nuclear magnetic resonance spectrum. 
A nucleus in an upper spin state returns to a lower state fcy naari.i 
of radiationless transitions of energy to a neighboring nucleus or to the 
entire molecular system. These energy dissipation processes are termed 
relaxation processes. 
The local magnetic field near a particular nucleus is to a small 
degree dependent on its molecular environment. This is because the 
extranuclear electrons magnetically screen the nucleus so that the mag­
netic field felt by the nucleus is not quite the same as the applied 
field. The observed resonance frequency of a given nucleus is thus a 
very sensitive function of this molecular environment. 
Experimental Method 
An NMR spectrometer consists essentially of four parts: (1) a 
magnet capable of producing a very strong, highly homogeneous field, 
(2) a means of continuously varying the magnetic field over a very small 
range, (3) a radio-frequency oscillator, and (4) a radio-frequency 
receiver. 
A large magnetic field is directed along the e-axis, and the 
alternating magnetic field produced by the oscillator is directed along 
the x-axis. The receiver coil is oriented so as to respond to an 
alternating magnetic field along the y-axis. Thus the oscillator must 
5 
induce a component of y-aagnetization in the saaple if a signal is to be 
picked up by the receiver. 
Experimentally one changes the precession frequency of the nuclei by 
varying the applied magnetic field while the oscillator frequency is kept 
constant. At some value of the field the nuclear precession frequency 
becomes equal to the frequency of the rotating field vector produced by 
the oscillator and the energy may then be transferred from the oscillator 
to the nuclei, causing some of them to go to the higher energy state with 
I = +§•. At the same time the rotating vield vector acts to tip the 
vectors of the individual nuclear magnets, with which it is 90° out of 
phase, away from the field axis and thus causes the axis of the cone of 
vectors to rotate around the field axis at the precession frequency. 
This has the result of producing a rotating component of magnetization in 
the x and y directions which processes around the field axis with the 
same angular velocity as the individual nuclei. This alternating field 
in the y-direction induces a current in the receiver coil and generates 
an NMR signal. As the magnetic field is further increased the nuclei 
drop out of phase with the rotating field vector. As the y-magnetization 
decreases the signal dies away in the receiver. 
Conventions and Terminology 
Ch^ njç^ l shj# 
Differences in absorption line positions for nuclei of the same kind, 
but located in different molecular environments, are called chemical 
shifts. Chemical shifts have their origin in diaaagnetic and 
6 
paramagnetic shielding effects produced by circulation of both bonding 
and non-bonding electrons in the neighborhood of the nuclei. These 
effects are proportional to the applied field. 
The magnitude of a given chemical shift is usually taken with refer­
ence to a standard. Tetramethylsilane (TIB) is widely used as an 
"internal standard." A very small amount of T)G is mixed with the sample 
to provide an internal proton reference line. 
SpiD-gpjn rsrnpl^ -nfl 
Spin-spin coupling usually manifests itself as fine structure in 
main absorption peaks. It is explained by the fact that the field ex­
perienced by the protons of one group is influenced by the spins of 
protons in the neighboring group. In a saturated system proton spin 
coupling is usually negligible over more than three bonds. Coupling is 
independent of the applied field because it arises from fixed increments 
in the total magnetic field produced at a given nucleus by the magnetic 
moments of neighboring nuclei and is transmitted by the bonding 
electrons. 
Spin.spin coupling is expressed in cycles per second (cps) and 
denoted by the coupling constant J. Usually subscripts are appended to J 
to denote the protons involved in the particular coupling. 
Coupling constants for proton line values are to some extent 
characteristic of the structure and stereochemistry of the system in­
volved . The correlation of J with structure is a subject that is 
presently undergoing further development. 
7 
Designation of absorption Une positions 
It is desirable to express line positions in a fore which is inde-
7 pendent of field strength and frequency. For this purpose Tiers has 
introduced the quantity f which is defined as "T » ^  TX5 % 10^ /osc. 
freq. (cps). It is positive for all bet very acidic protons if the 
standard line position is that of IMS. The larger the value of T , the 
greater is the magnetic shielding of the nucleus to which it refers. 
Nuclei groupings 
Some groups of two or more protons produce characteristic absorption 
patterns. It is therefore often convenient to consider a group of nuclei 
as a whole. For this jxupose the conventions introduced by Bernstein, 
a 
et al. have been widely adopted. Groups of equivalent nuclei for which 
the chemical shifts and coupling constants are of the same order are 
symbolized by Àn, Be.. * where the subscripts refer to the number of 
nuclei in the group. If the groups of nuclei A, B, etc. are coupled to 
other nuclei, the chemical shifts of which are very different from A, B, 
etc., the latter are symbolized by Xn, Yy, etc. 
7q. V. D. Tiers, J. Phvs. (Thorn.. ££, 1151 (1958). 
®H. J. Bernstein, J. A. Pop le and W. G. Schneider, Canad. J. Chen.. 
21. 65 (1957). 
5 
Quantum Mechanical Procedure for the 
Analysis of HMR Spectra 
9 McConnell, et al. have outlined ihe quantum mechanical procedure 
for the analysis of spin-spin multiplets of NMR spectra. The following 
summation of the derivation of this procedure is adapted from Conroy.^  
The electron coupled spin-spin interaction is postulated"^ - to be of 
the form B = where B is the energy of interaction, is a 
proportionality constant, the coupling constant describing the magnitude 
of the interaction, and 1^  and I j are the spin angular momentum vectors 
of nuclei i and j. The equation shows that the energy will depend on the 
dot product of the two vectors, and hence on the relative spatial 
orientation of the two nuclear magnets. J will be positive when the 
state with spins parallel has the high energy. 
In the presence of an external field at the nucleus i, a field 
which by convention is directed along the z-axis, the energy of the 
system will also depend on the interaction of the nuclear magnet with 
as follows: E* * M i,Hi*i(z) where 277-7? the gyrcmagnetic 
ratio of nur" is i and is the z component of the vector 1^ . Only 
the z component is taken because only this component will interact with 
%. M. McConnell, A. D. McLean and C. A. Reilly, J. Chez. Phrs.. 
22, 1152 (1955). 
^°H. Conroy. Suclear Magnetic Resonance, in R. A. Raphael, E. C. 
Taylor and H. Wynberg, eds. Advances in Organic Chemistry, Vol. 2, Saw 
York, H.T., Interscience Publishers, Inc., I960, p. 296. 
S. Qutowsky, D. W. McCall and C. P. Slichter, j. Chen. Phvs.. 
21, 279 (1953). 
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the steady field along z. The sign convention is such that nuclei 
with positive spins have high energies. If there are a number of nuclei 
one introduces a summation. Considering both interactions one obtains 
postulate, is the correct "high resolution" Hamiltonian for nuclear spin 
interactions. 
The energy will be quantized, that is, there will be various 
stationary states of the system to which will correspond discrete values 
of 5, 1^  and I j. In order to find the discrete values of energy and 
hence the characteristic nuclear magnetic resonance frequencies >' * 
the Sohrodinger equation mist be used. Its form is Y « E^ 7 where S 
can take the desired discrete values, f is a variable of the system 
(called the wave function) which in this problem describes the condition 
of the various nuclear spins; and is the Hamiltonian which operates 
on in order to quantize the energy function. The Hamiltonian thus con­
tains within it the information needed to relate a set of spins to energy. 
Values of E are obtained by solving the wave function by the 
12 
Variation Method. The secular equation obtained by this method factor* 
into equations of lower degree in E if one makes use of certain "mixing 
rules.* Energies and wave functions are then calculated by diagonalizing 
the submatrices of the total Hamiltonian. In general, the n proton 
problem will involve 2° spin functions and a matrix with 2° columns or 
the total energy ^  to be which, by 
MC. A. Coula on, Valence, Oxford, England, University Press, 1953» 
pp. 5*-67. 
10 
rows. The possible transitions are limited by a selection ml<i and by 
symmetry considerations. 
Interpretation of NMR Spectra 
In undertaking the interpretation of an NMR spectrum one is guided 
by three main considerations: (l) absorption line positions, (2) spin-
spin multiplicities and (3) line intensities. 
If the spectrum contains only a few, well-separated absorption lines 
the assignment of accurate values of r and J will usually be a simple 
matter. In more complex cases, especially in absorption line clusters 
where the spin-spin splitting is large compared to the chemical shift, 
T -values and J's may only be available from a mathematical analysis of 
the spectral lines involved. 
Of particular assistance in the interpretation of certain complex 
groupings such as ABX and AgBg is the series of papers ty Pople and co­
workers starting in 1957»^  Host of this material was Included in a 
later book by the same authors.^  
The analysis of complex NMR patterns is also the subject of an in­
formative review by Corlo.^  
The interpretation of several complex spectra of cyclopentenones 
will be undertaken in the Discussion section of this thesis. 
B^ernstein, Pople and Schneider, OP. cit. 
P^ople, Schneider and Bernstein, op. cit. 
L. Corlo, Chaa. Revs.. 60. 3&3 (I960). 
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Previous NMR Studies of Cyclopentenones 
A survey of the literature did not reveal any reported NMR spectra 
of cyclopentenones. 
The spectrum of the related compound, cyclopentanone, has been re­
ported.^  Its spectrum is of interest because it cc'osists of one intense 
peak, the difference in chemical shift between the two methylene groups 
of the AgBg pattern being abnormally small in this case. 





The JTMR spectrum of each cyclopentenone will be considered indi­
vidually and Interpreted. Trends among groups of related derivatives 
and other data obtainable from the spectra will then be noted and dis­
cussed. The interpretations outlined herein are based upon analysis of 
absorption line positions. It is possible, by use of computing equip­
ment, to calculate energies and coupling parameters for HMR spectra. By 
this means one may, by trial and error fitting, obtain virtually exact 
correspondence between calculated and experimental values. 
Reproductions of the NMR spectra will be found in the Spectra 
section of this thesis. 
For the purposes of this discussion the carbon atoms of the 
cyclopentenone ring will be numbered as shown in Figure 1. 
0 
Figure 1. Designation of the carbons of the 
cyclopentenone ring 
Cyclopentenone 
In discussing the spectrum of cyclopentenone the absorption Unes of 
the spectrum will be considerad In order of Increasing applied magnetic 
13 
field, i.e. from left to right as they appear on the recorder chart. 
Of the six protons of cyclopentenone, the two vinyl protons would be 
expected to produce separate absorption patterns in the region T * 2-4. 
The four methylene protons constitute an AgBg grouping and would be ex­
pected to produce an absorption pattern in the region ^  * 6-8. 
Examination of the spectrom shows the first cluster encountered to 
be a sextet centered at 457*8 cps or a r-value of 2.37. This sextet, or 
more precisely two triplets, is in the region where viryl protons 
characteristically absorb. One assigns this cluster to the more deshielded 
vinyl protors—the p-viryl one. The absorption cluster appears as two 
triplets due to spin-spin coupling of the (3 -vinyl proton with the 
9-«ethylene protons and with the «.-vinyl proton. The triplet pattern 
arises originally from the interaction of the -vinyl proton with the 
three spin arrangements of protons contained in the methylene group. The 
triplet thus produced is further split into two triplets by coupling of 
the C -vinyl and -vinyl protons. Calibration of the exact position of 
the six lines of the sextet and the knowledge that two olefin!c protons 
should be more strongly coupled than an olefinic proton and a methylene 
proton leads one to assign spin coupling constants as follows: = 5*7 
ops and J« 2.6 cps. 
The next cluster of absorption lines appears about 100 ops upfield 
from the £ -vinyl proton. It is also a sextet consisting of two triplets 
and is centered at a r-value of 3»89. This cluster is assigned to the 
oc -vinyl proton. Again the three spin arrangements of the p-methylene 
protons couple with the <K -vinyl proton ao as to produce a triplet 
14 
absorption pattern. This triplet is, in turn, split by coupling of the 
% -vinyl proton with the < -vinyl proton. The spin coupling constants 
are calculated to be Jg4 = 2.2 cps »nH * 5*8 cps. Is •would be 
expected the < -vinyl and 3 -vinyl protons split each other equally in 
the two absorption clusters, i.e. J-,0 = 
Farther upfield are two neighboring absorption clusters that com­
prise the kr^ >2 pattern produced by the four methylene protons. 
The number and position of the absorption lines of an AgBg pattern 
is determined in a complicated way by the relative chemical shift and 
spin coupling constants. For this reason the interpretation of this type 
of absorption pattern is often difficult. Of great assistance, however, 
is the fact that absorption line assignments have been worked out for 
several general classes of A2®2 patterns^ ?» and thus it is possible 
by analogy and deduction to undertake the interpretation of most AgBg 
systems. To aid in the interpretation of cyclopentenone, terminology and 
some tables of data will be taken from the above-mentioned sources. 
In an A-2*hi system there are four different spin coupling constants 
as shown in Figure 2. It is convenient to define new quantities as 
follows: + M » - Jg; L * J - J* and N » J + J*. In the 
quantum mechanical solution of the AgBg pattern a complete set of basic 
A, Pople, W. Q. Schneider and H. J. Bernstein, Canad. J. Chen.. 
Ii, 1060 (1957). 
"^ J. A. Pople, W. G. Schneider and H. J. Bernstein, High-Resolution 
Nuclear Magnetic Resonance, New York, N.Y., McGraw-Hill Book Go., Inc., 





B(^ ) jg B(3) 
Figure 2. Spin-coup ling constants for 
four nuclei, AgBg 
functions is set up and all stationary state wave functions are expressed 
as linear combinations of them. The complete matrix of the spin 
19 Hamiltonian has been evaluated and values of the diagonal and off-
diagonal elements given in terns of v^ , Vg, K, L, M and N. 
trhere and Vg are the frequencies the lines would have were there no 
spin coupling. Transitions will only occur between states of the same 
symmetry whose total spin components differ by + or -1. This leads to a 
total of 24 possible transitions, or absorption lines, divided into two 
groups that are mirror images of each other. 
Turning to the spectrum of cyclopentenone one notes that the two 
A2B2 clusters do not appear as mirror images. This is because the down-
field cluster (the (3-methylene grouping) is split by coupling with the 
two vinyl protons. Since the downfield cluster is highly split, inter­
pretation may be best attempted by considering only the upfield, or B 
i^ ibid.. p. 140. 
16 
cluster. Expansion of this cluster shows it to consist of eight najor 
lines or peaks. Tho positions of these peaks are calibrated to be 139.4, 
138.4, 136.6, 134.1, 133.0, 131.3, 129.6 and 128.7 cps. The peaks are 
schematically shown in Figure 3. The band center of the pattern is calcu­
lated to be 146.5 cps. 
band j 
center^  | 
Figure 3» Schematic representation of the upfield half of 
the AgBg pattern of cyclopentenone 
The general case of the B spectrum where J J' > 0 and 
JB JA > 0 is adapted from the case of the A spectrin^ and is shown 
as Figure 4. The energies of the twelve theoretical A transitions have 
21 been calculated by Pople et al,. and some are given in Table 1. From 
Table 1 it can be seen that it is advantageous if lines 1 and 3 rtnn be 
obtained by inspection of the spectrum# If this can be accomplished 
then \>0S (which is - Vg) and 5 (which is J + J* ) may be determined 
2<^ ââ., p. 147. 










Figure 4. Schematic representation of the general 
case of the 1^ 2 pattern 
Table 1. Btiergies of the A transitions for four nuclei, A^ B^  
Transition Energy relative to + v' 
1. >#2 !» • l[(VoS)2 • ^  
1 
3. -i* + 
9. 2a0—> 2ax i[( ^>0 £ + M)2 + L2]^  -F- KM2 + L2)* 
IX 2al1^ la^  i[( V0 5 - M)2 + L2]* + 
11. la0—>- 2*2 j( V0 <£ + M)2 + -
12. 2*^ -^ 2*0 i[( ^ QS - M)2 + L2]^  -
IS 
siarply "by solving two simultaneous equations. 
Inspection of the upfield or B cluster of cyclopentenone1 s AgSg 
pattern shows the first two (139.4 and 138.4 cps) peaks to be the most 
intense of the eight. If this spectrum were to follow that of the 
general case as shown in Figure 4 these two peaks are quite likely to be 
absorption lines 4 and 3, respectively. The last two (129.6 and 128.7 
cps) peaks are still quite intense relative to the others. It is thus 
unlikely that they are lines 5 and 10. One tentatively assigns these 
peaks as transitions 2 and 1, respectively. A value of 138.4 cps has 
thus been assigned to transition 3 and 128.7 cps to transition 1. Re­
ferring to Table 1 and solving the two simultaneous equations: 
17.3= + )2+82j« 
8.1 - • 
one obtains a value of 24.0 cps for Ve<f and 9.7 cps for H. 
One now makes the assumption that K (which is JA + Jg) ia relatively 
large. (It is estimated that K is approximately 38 cps from the value of 
of 4-broeo-cyclopentenone and J,,,, of 5-ethoxy-cy clopentenone. ) If K 
is relatively large certain transitions will not occur and transitions 1, 
2, 3» 4, 6, and 7 should have the same energy as they would have in the 
case where J * J*. Also, lines 5 and 8 are effectively forbidden. One 
may thus refer to a table of energies of transitions for the case u = J1 
J^. A. Pople, V. G. Schneider and H. J. Bernstein, Canad. £. Cham.. 
31, 1064 (1957). 
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and obtain calculated values of transitions 1, 2, 3, 4, 6 and 7. If J 
were to equal J' in cyclopentenone theso two quantities trould be 9»? / 2 
or 4.8 cps. The ratio J / vQ S is 4.8 / 24.0 = 0.2. This ratio is used 
23 to ascertain the energies of transition as tabulated in Pople et al. The 
calculated transitions and the actual spectrum lines are tabulated in 
Table 2. It is seen that there is excellent agreement of the calculated 
transitions with the actual lines of the spectrue. 
The remaining two lines of the spectrum are assigned as follows: 
136.6 cps to transitions 11 and 12, and 131.8 cps to transitions 9 and 
10. The basis for these assignments is found by examination of Table 1. 
It is first assumed that M2 is negligible. (Values obtained in other 
cyclopentenone3 indicate that M is probably less than one in the case of 
cyclopentenone. ) If M is negligible then lines 9 and 10 should have the 
same value. Similarly, lines 11 and 12 should have the same value and 
should differ from 9 and 10 ty L (which is J - J1). It was calculated 
above that J + J* is 9.7 cps. Values of J and J1 are thus chosen such 
that one obtains the best fit between the calculated transitions 9, 10, 
11 and 12 and the actual spectrum lines remaining to be assigned. It is 
found that assuming a value of 4.7 cps for L leads to a value of 131.8 
cps for lines 11 and 12 and 136.6 cps for lines 9 and 10. These calcu­
lated transitions correspond exactly with the two remaining lines of the 
actual spectrum. 
23j. A. Pople, W. G. Schneider and H. J. Bernstein, High-Resolution 
Nuclear Magnetic Resonance, Hew York, N.Y., McGraw-Hill Book Co., Inc., 
1959, p. 144. 
20 
Table 2. Calculated and actual transitions of the upfield cluster of 
the À2B2 spectrum of cyclopentenone 
Calculated Actual spectrum 
Transition energy lines 
4 139.1 139.4 
3 138.4 138.4 
136.6 
6 133*9 134.1 
7 133*2 133.0 
131.8 
2 129.8 129.6 
1 128.8 128.7 
One may sum up the following values for the chemical shift and 
various parameters of cyclopentenone: V0<5 = 24.0 cps, = 146.5 + 
12.0 = 158.5 cps, >>g = 146.5 - 12.0 * 134.5 ops., H = 9*7 cps, L = 
-4.7 cps, M » ÎO-1 cps, J * 7*2 cps and J1 * 2.5 cps. 
The value of K cannot be determined directly but it must be large 
enough to prevent aay significant mixing of the 3s0 basic functions with 
other functions. Otherwise the calculated and experimental values dis­
cussed herein would not be in such good agreement. 
4-Broeo-cyclopentenone 
It would be anticipated that 4-brooo-cyclopentenone would contain 
two vinyl absorption clusters and an ABI pattern. Indeed, these patterns 
appear clearly In the NMR spectrum. The lines of the spectrum will be 
considered in order of Increasing applied magnetic field* 
21 
The first cluster encountered is a quartet centered at = 2.59. 
This cluster is assigned to the most dashiaided proton, i.e. the 3 -viryl 
one. The splitting of 5*5 cps and 2.6 cps is caused by coupling with the 
oc-vinyl proton and the nethiryl proton, respectively. 
The next cluster upfield is a quartet centered at T* a 3.79 and 
assigned to the <x -vinyl proton. The splitting of 5*7 cps and 1.2 cps 
arises from coupling with the £ -vinyl and mathiryl protons, respec­
tively. 
The next cluster appears as a highly split multiplet centered at 
T" - 4.87. This is assigned to the methiryl or X proton which, along 
with the two methylene protons, comprises an A3X system. 
24 24 The ABX system has been discussed by Pople and oo-workers. * J 
The theory and terainology used herein are drawn from these sources. 
The X spectrua theoretically consists of six lines, two of which 
are of low intensity and often not observed. The theoretical X spectrum 
is shown schematically in Figure 5* 
|JAX + JBX| 
1 
< 
2|D+ - Dj 
Figure 5» Theoretical X pattern of the ABX grouping 
25g, .J, Bernstein, J. A. Pople and W. G. Schneider, Canad. J. 
Chea.. 31, 65 (1957). 
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Expansion of the X multiplet of 4~braao-cyclopentenone shows the 
multiplet to consist of twelve lines. The spectrum is schematically 
shown in Figure 6. The lines are seen to be derived free four original 
lines. The four spectrom lines that are double the intensity of the 
others arise from the overlapping of some lines. Each of the four 
theoretical lines has been split twice: once, 2.7 cps, by the S -viryl 
proton, and once, 1.3 cps, by the -vinyl proton. + Jg% | is calcu­
lated to be 8.3 ops and 2\ D+ - D_| to be 3*0 cps. 
Figure 6. X pattern of the ABX grouping of 
4-broeo-cyclopentenone 
Farther upfield is a cluster of eight lines, the inner four of 
which are more intense than the outer lines. This octet is assigned to 
the methylene or AB protons. This pattern is typical of the AB portion 
of an ABX grouping and is in reality two overlapping quartets. The AB 
spectrum of 4-brceo-cyclopentenone with theoretical J distances and 








7 6 5 4 3 
Figure 7. The A3 pattern of the ABX grouping of 
4-brorao-oyclopentenone 
The two overlapping quartets are lines 1, 3, 5, 7 and 2, 4-, 6, B. 
The interval || occurs four tiaes. The difference between quartet 
centers is •£] + Jg^  |. A cross check is possible between the AB and 
X patterns with regards to the values obtained for | + Jg%| , D+1 and 
D_. Fran the AB pattern | J^ g| is found to be 19 «3 cps and | J^ x + Jgj j 
to be 8.2 cps. D+ is 14.4 cps and D_ is 12.8 ops. Coaparing these 
values with those obtained from the X multiplet one finds good agreement 
for the values of | + Jgj| and 2|D+ - D_| . 
The quantities ( - Vg) and (- Jgj) may be obtained b7 use 
of the following definitions:^  
D+eos 2.4> + « |( 0k - Vg) + Kfjx " JBx) 
D+sin 20 + m 
D.oos 2^  _ = v>A . Vg) - HJAX ~ JBx) 
D.sin 2^ „ » 
J^. A. Popls, W. G. Schneider and H. J. Bernstein, High-Resolution 
Nuclear Magnetic Resonance, New Tork, N.T., McGraw-Hill Book Co., Inc., 
1959, p. 133. 
By substituting values obtained for B+, D_, and into the above 
equations one obtains ( i;A - Vg) = 19.1 ops and JA Y  -  J g x  =  4 . 6  c p a .  
Since it previously had been calculated that + Jg^ = 8.2 cps, one 
«say now solve and obtain JAY to be 6.4 cps and Jgj to be 1.8 cps. The 
signs of JtY and Jgj are taken to be positive although it is not possible 
to determine them absolutely. 
The band center is considered to be midway between the two quartet 
centers and is 167.4 cps. If it is assumed that trans protons are more 
strongly coupled than cis protonsthe T -value of the mettyrlene 
proton that is cis to the bromine atom is 7*05 and the proton trans to 
the bromine is 7»37* 
The AB octet could have been interpreted by selecting a different 
set of quartets, i.e. 1, 3, 6, 8 and 2, 4, 5» 7 as manbered in Figure 7* 
This possibility was considered and new parameters calculated on this 
basis. Relative intensities were then calculated for each of the two 
possible interpretations. The intensities calculated on the basis of 
quartet 1, 3» 5» 7» etc. were found to more nearly fit the actual 
spectrum. The intensities predicted on this basis were .25, .33, 1.74, 
1.67, 1.74, I.67, .25 and .33 for transitions 1 through 8. Although the 
predicted intensities are greater than the actual values for the four 
inner peaks, the relative intensity for the four weaker outer peaks is 
accurately predicted. The set 1, 3, 6, 8, etc. led to generally similar 
vaines for the inner four peaks but did not reflect so accurately the 
27Ibid.. p. 192. 
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four outer peaks especially in the case of lines 7 and S. 
The coupling constants for the quartets 1, 3, 6, 8, etc. were calcu­
lated to be = 7.6 cps and Jg% = -4.4 cps. It is difficult to 
ascertain with certainty the signs of the coupling constants in a 
spectrum. The magnitude of this negative coupling constant, however, 
appears to be high in comparison with other negative coupling constants. 
On the basis of present evidence the original selection of the 
quartets seems to best fit the actual spectrum. 
4-Acetoxy-cyclopentenone 
The spectrum of this compound would be expected to be quite similar 
to that of the brooo analog except for the addition of an intense 
absorption line for the methyl group. This is indeed what the actual 
spectrum shows. 
The first cluster of the spectrum is a quartet centered at T = 2.49 
and is assigned to the 3 -vinyl proton. Is calculated to be 5*5 ops 
and Jis 2.4 cps. 
The <k -vinyl absorption cluster is centered at T = 3.75 and is also 
a quartet. is 5*7 cps and is 1.3 cps. 
The methiryl or I multiplet is centered at f = 4.22 and consists of 
eleven lines. These are schematically shown in Figure 8. The four main 
lines of the X spectra* have each been split twice and some overlapping 
occurs. J2*2 is calculated to be 2.5 cps and J^ to be 1.3 cps. From 
the X spectrum one also obtains + Jg% = 8.6 cps and 2|D+ - D_| = 3.7 
cps. 
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Figure 8. The Ï pattern of the ABX grouping of 
4-acetuaj cyclopentenone 
The methylene or AB pattern of the ABX grouping appears as the 
expected octet with the exception that the two low intensity upfield 
peaks are obscured by the intense methyl absorption peak. From tfo) AB 
spectrum one obtains the following values: J^g = 18.6 cps, D+ = 18.6 
cps, D_ - 16.9 cps, ( - v'g) » 30.4 cps, = 6.4 cps and Jg% = 2.4 
cps. 
As in the case of the brcmo analog, one again notes good agreement 
among those values that permit cross-checking of the AB pattern with the 
I pattern. 
The midpoint of the two AB quartet centers is 147.9 cps. Thus the 
two methylene protons are centered at 132.7 and I63.I cps. Assuming 
trans protons to be more strongly coupled than cis protons, the f-value 
of the proton cis to the acetoxy group is 7.28 and the proton trans is 
7.79. 
5-0xalyl-cyclopentenone 
The HMR spectrum of this compound is of special interest because it 
contains several different types of protons Including a very acidic one. 
The oxalyl keto group involving the carbon adjacent to the ring 
2? 
would be expected to be enollc and thus give rise to a proton hydrogen 
bonded with the keto group of the cyclopentenone ring. The HKR spectrum 
confirms this. The sinoO«it at the far left of the spectrum (760.3 cps) 
nay be assigned to this acidic proton. The y -value is -2.7• 
The next upfield cluster is assigned to the p -vinyl proton. The 
cluster consists of two triplets and is centered at ^  * 2.44. The 
triplets arise from coupling with the methylene group and with the 
=< -vinyl proton. The coupling constants zrc J32 = 5*6 cps and = 2.3 
cps. 
Farther upfield is the cluster assigned to the »c -vinyl proton. 
Expansion shows it to also consist of two triplets. The cluster is 
centered at >" = 3*64 and the coupling constants are J23 = 6.0 and 
J24 = 2.0 cps. 
The next upfield cluster is a quartet centered at T = 5 •68» This 
quartet and the triplet centered at V~ = 8.62 are easily recognizable as 
belonging to the oxalyl ethyl grouping. 
Between the above mentioned quartet and triplet is a triplet at 
y * 6.5O. This is assigned to the ring methylene group. The splitting 
is caused by coupling with the vinyl protons. » J42 * 2.1 cps. 
5-Etfaoay- cyclopentenone 
The NMR spectrum of 5-ethoxy-cyclopentenone in CCl^ shows the 
absorption peaks of the aethliyrl hydrogen and the side chain methylene 
group to Intermingle in a complex pattern. When the spectrum is run 
using DgO as a solvent the two groups produce clearly separated and more 
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characteristic patterns, The spectrum will therefore be discussed as it 
appears when run in DgO. Tan values are solvent dependent and thus 
values obtained in DgO may be expected to differ, in varying degrees, 
from values that would have been obtained using a less polar solvent. 
The spectnaa peaks were originally calibrated against the HOD peak 
present in the DgO, and the 3DD peak, in turn, calibrated against a 
capillary of benzene ( « 2.74) placed inside the sample tube. 
The ?-vinyl proton appears as two triplets centered at v* = 1.27. 
J22 ia 6.4 cps and is 2.9 cps. 
The « -vinyl proton is centered at T* = 2.95 and also appears as two 
triplets. The coupling constants are J23 = 6.3 cps and J2k * 2.1 cps. 
The residual BDD in the D^O causes the sharp peak at 1" * 4.50. 
The four sharp peaks centered at V" = 4.98 are due to the methlnyl 
proton. This proton is, of course, the X proton of an ABX system. 
The quartet centered at T * 5*47 and the triplet at "T » 7 «98 are 
recognized as belonging to the side-chain ettxxry grouping. 
The ring methylene group would be expected to be the AB part of an 
ABX grouping, further split by coupling with the vinyl protons. Instead 
of the expected octet pattern, however, four equally spaced and highly 
split multiplets centered at V" = 6.33 are obtained. These appear to be 
best interpreted as a conventional AB system, in which case is found 
to be 19.5 cps. 
The values obtained in DgO are shifted considerably downfield from 
the values obtained using CCI4 as solvent. In CCI4 the 3 -vinyl proton 
absorbs at * 2.49 and the % -vinyl proton at 3*95» 
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Cyclopontane-l,2-dione 
This coapound exists predominantly in the enolie form, i.e. as 
23 Z-hydrojgr-cyclop# nt-2-enone. Examination of the HHR spectrum shows a 
broad, low peak at the downfield end. This peak, centered at y~ » 3.19, 
is assigned to the hydroxy 1 proton. 
The cluster immediately upfield is a triplet centered at ^  » 3*54 
and is assigned to the vinyl proton. The splitting, J= 2.5 cps, is 
caused by coupling with the 3 -methylene group. 
The Intense upfield peak centered at "T = 7.56 is due to absorption 
by the methylene protons. Even upon expansion the expected AgBg pattern 
cannot be separated enough to permit interpretation. It is apparent that 
the chemical shift between the two methylene groups is very small thus 
permitting the two mirror image clusters to coalesce. 
3,4-Diethmçr-cyclopent-2-enone 
This compound contains an «< -vinyl proton, an ABX grouping and two 
eth03y groups. 
The olefinic proton appears as a singlet with a T -value of 4.81. 
The peak is unsplit since there are no protons on adjacent carbons for 
the proton to 00 up la with. 
The next absorption is a cluster of four sharp peaks centered at 
y = 5.63. This is assigned to the mevhiqyl or X proton of the ABX 
pattern. 
280. Hesse and E. Bucking, Ann.. 563. 31 (1949)* 
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The next upfield peaks may be assigned to the two methylene groups 
of the two ethoxy groupings. The downfield quartet is centered at 5*94 
and is the expected quartet pattern of intensity 1331. The other 
methylene pattern is immediately upfield and centered at Y* = 6.39» This 
is seen to be a conventional 1331 pattern in which each peak of the 
quartet has been split 3«1 cps. This methylene group is assigned to the 
ethoxy grouping on carbon 4. 
The next upfield cluster is the octet pattern of the two ring 
methylene protons. These protons constitute the AB portion of the ABX 
grouping. From calculations similar to those outlined for 4-broao-
cyclopentenone the following values are obtained: * 17.6 cps, 
= 6.5 cps and Jg% * 2.3 cps. The chemical shifts of the two protons 
are at t * 7.45 and 7*79* 
Farther upfield are the two triplet groupings of the two methyl 
groups. The triplet centered at "T = 8.55 i» assigned to the ethoay 
group on carbon 3 and that centered at Y" = 8.81 is assigned to the 
similar group on carbon 4. 
Cyclic ethylene ketal of cyclopentenone 
The effect of replacing cyclopentenone's carbonyl group with a 
cyclic ketal would be expected to lead to more shielding of the protons 
of the ring and, consequently, to higher revalues. The spectrum con­
firms this expectation. 
The first downfield cluster appears as a pair of triplets centered 
at » 4.04. This absorption is assigned to the -vizyl proton on the 
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grounds that the Inductive effect of the ketal grouping should make the 
<x -virjyl proton the most deshielded one of the molecule. J 23 is calcu­
lated to be ^ .4 cps and J24 is 2.0 cps. 
The next upfield cluster is also a pair of triplets and is assigned 
to the 3 -vinyl proton. This cluster is centered at T* = 4.42 and the 
coupling constants are * 5*6 cps and J 34 = 2.0 cps. 
The intense singlet at ^ = 6.1? is caused by the methylene groups 
of the ketal ring. 
The two methylene groups form an .^2^2 pattern whose band center is 
128.3 cps. To interpret this AgBg pattern one proceeds in much the same 
manner as in the case of cyclopentenone. Since the downfield half of 
the cluster is split by the vinyl protons one east restrict interpreta­
tion to only the upfield half of the pattern. This half consists of ten 
major peaks; 123.6, 122.2, 121.4, 118.4, 117.0, 116.1, 114.9, 113.3, 
111.4 and 109*8 cps. 




Figure 9» Schematic representation of the upfield 
half of the À2P2 pattern of the cyclic 
ethylene ketal of cyclopentenone 
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From observation of the spectrum and experience gained from inter­
preting cyclopentenone one tentatively assigns the second peak (122.2 
cps) to transition 3 and the last peak (109.8 cps) to transition 1. 
Equating these with the transition energies of Table 1 one obtains N 
(which is J + J') » 12.4 cps and Vo«f • 22.4 ops. As in the case of 
cyclopentenone K is assumed to be relatively large and thus one is able 
to calculate transitions 4, 3, 6, 7» 2 and 1 to have the values they would 
have if J « J1. The ratio J / = 6.2 / 22.4 = 0.28. If one con­
siders this ratio to be 0.3 one may readily refer to previously calculated 
data2^ to obtain values for the transitions listed above. The calculated 
transitions and the actual spectrum lines are listed in Table 3» 
Transitions 9. 10, 11 and 12 are obtained by examination of Table 1 
and by deduction. If one assumes M to be negligible then lines 9 and 10 
and the pair 11 and 12 will be equally split. Examination of the four 
remaining unassigned lines of the actual spectrum shows that there is 
3*0 ops difference between lines 121.4 and 118.4 and a difference of 2*8 
cps between lines 113*3 and 116.1. One thus assigns the four remaining 
lines of the spectrum as follows: transition 12, 122.4 cps; transition 
11, 118.4 cps; transition 10, 116.1 cps and transition 9, 113*3 cps. 
The tm methylene protons are centered at 117.6 cps and 140.0 cps, 
or at T-values of 8.04 and 7.6?. 
^J. À. Pople, V. 0. Schneider and H. J. Bernstein, High-Re solution 
Nuclear Magnetic Resonance, Hew York, H .T., MeGrer-Hill Book Co., Inc., 
1959, P. 1#* 
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Table 3« Calculated and actual transitions of the upfield cluster of the 








4 123.6 123.6 
3 122.5 122.2 
121.4 
118.4 
6 116.3 117.0 
116.1 
7 114.7 114.9 
113.3 
2 111.2 111.4 
1 109.0 109.8 
Cyclopentene-3,5-dione 
This compound contains two equivalent vinyl protons and two 
equivalent methylene protons. Since the two types of protons are 
separated from each other ty carborçyl groups no splitting du» to spin 
coupling would be expected. It would also be anticipated that the 
absorption lines would be shifted downfield due to the deshielding effect 
of the two carbonyl groups. 
Indeed, such is the case. The NMR spectra* consists of two sharp 
singlets. The absorption it T« 2.69 is assigned to the vinyl protons 
and the peak it T « 7.10 to the methylene protons. 
30 Qutowsky et al. have recorded the spectrum of this compound 
S. Qutowsky, M. Karplus and D. M. Grant, J. Cham. Pfrra.. 31. 
1282 (1959). 
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monodeuterated on the methylene carbon. The presence of deuterium caused 
a slight upfield shift (0.8 cps) for the proton on the methylene carbon. 
J53 was found to be 3.3 cps. 
4, ^-Dibroao-cyclopente ne-3,5-dlone 
The two vinyl protons of this compound are equivalent and appear as 
a singlet, T = 2.77. 
1,8-Diketo-4,7-aethano-3a ,4,7,7a-tetrahydroindene 
The NMR absorption of this compomid, which is the Dlels-Alder addnct 
of cyclopentadienone, occurs in three main groupings. Farthest downfield 
is the absorption grouping caused by the (3 -vinyl proton of the cyclo­
pentenone ring. The next upfield grouping is more complex and contains 
the patterns arising from the °c -viryl proton of the cyclopentenone ring 
and the two olefin!c protons of the six-carbon ring. The large grouping 
farthest upfield is a very complex pattern and is produced by the inter­
mingling of the patterns of the four tertiary protons. 
Simplest of all the groupings is that due to the 9 -vinyl proton of 
the cyclopentenone zing and centered at T « 2.58. It is, as expected, 
a quartet. The coupling constants are J32 * 5«6 cps and J34 * 2.5 cps. 
Expansion of the cluster further reveals that each peak of the quartet 
is split by approximately 0.6 cps. This additional fine splitting would 
seem to be due to coupling either with the proton on carbon 5 of the 
cyclopentenone ring or with the proton on the nearest bridgehead in the 
six-carbon ring. As we shall observe later it appears more likely that 
this coupling is with the bridgehead proton. 
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The -vinyl proton of the cyclopentenone ring would be expected to 
produce a quartet with * 5*6 ops. Sxaaination of the four major down-
field peaks of the second absorption grouping show them to fit this 
specification well. Assignment of these four peaks to the c<_-vinyl 
proton gives a V-value of 3*63 and coupling constants of J 23 =5*7 cps 
and J2k * 1*4 cps. 
There remain in this grouping two intense lines plus several others 
of varying and lesser intensity on either side of them. These lines must 
be assigned to the six-carbon ring olefinie protons. If some of the 
weakest of the lines are neglected there remain a total of six lines, the 
middle two being more intense than the outer ones. Construction of a 
molecular model shows that one of the olefinie protons is so oriented as 
to be in a position to experience some diamagnetic shielding from the 
cyclopentenone carbonyl group. If the two olefinie protons are assumed 
to be non-equivalent it would be expected that they would each be split 
by each other and by the two bridgehead protons. From the spacing and 
intensity of the lines, the possibility arises that this absorption is 
two overlapping quartets of splittings 3.4, 3*4, and 1.7 cps. Although 
the exact derivation of the pattern is not known with certainty it seems 
quite certain that the lines under consideration may be assigned to the 
olefinie protons mentioned. The olefinie protons of the analogous 
system, 7-i*opropylidene-blcyclohept-2-ene^' show a quite similar but 
31c. H. DePoy, Ames, Iowa, HMR spectra» of 7-isopropylidene-
bioyclohept-2-ene, Private communication, 1961. 
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snore split pattern. 
The complex upfield absorption grouping contains the absorption 
lines of the four tertiary protons of the molecule. Although there is 
much splitting and seme intermingling of lines, some assignments and 
generalisations may be made. Expansion shows four clearly separated and 
intense peaks on the upfield side of the grouping. These are centered 
at T * 7.04. The splitting is calculated to be 5*6 and 4.8 ops. Of the 
four tertiary protons in the molecule there is only one that should be 
coupled with only two other protons and produce a quartet pattern, and 
that is the proton on carbon 5 of the cyclopentenone ring. One therefore 
assigns this quartet to that proton. If this assignment is correct then 
it would seem apparent that this proton is not weakly coupled with the 
5 -vinyl proton of the cyclopentenone ring since one observes no evidence 
of fine splitting in this quartet. 
The remaining absorption peaks of this grouping are considerably 
split and are intermingled to some extent. Although there are no clear 
separations it seems possible to pick out at least the outlines of the 
three remaining tertiary protons. To facilitate discussion one first 
divides these remaining lines Into thirds. 
In the upfield one-third we observe several relatively intense peaks 
which appear to belong to the same pattern. These peaks are assigned to 
the proton on carbon 4 of the cyclopentenone ring. One is led to this 
assignment because these peaks can be made to fit the estimated splitting 
pattern for this proton. From splitting patterns of protons coupled with 
it we estimate that the proton of carbon 4 should have splitting 
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constants of about $ . 6 ,  4.S, 2.5 and 1.4 cps. Indeed, it is possible to 
pick out such a pattern from the lines in the upfield one-third of the 
portion of the spectrum under consideration. 
The remaining peaks of the grouping must be assigned to the two 
bridgehead protons. A clear interpretation does not seem to present 
itself, however, it is possible to distinguish the general areas of 
absorption of each proton. If one examines the middle one-third of the 
lines under consideration it ic seen that they all contain fine splitting 
of the order 0.2-0.6 cps. The lines of the downfield one-third are of 
similar intensity and spacing but do not contain fine splitting. It is 
therefore postulated that the fine splitting occurs in the case of the 
bridgehead proton that is weakly coupled with the P-vinyl proton of the 
cyclopentenone ring. Hence the series of lines containing such splitting 
is assigned to the bridgehead proton on the opposite side of the molecule 
from the cyclopentenone carbonyl group. The remaining downfield lines 
of this grouping are then assigned to the other bridgehead proton. 
2-Metbyl-syclopent-2-enone 
One should expect this spectrum to be quite similar to that of 
cyclopentenone, except for the addition of a methyl absorption cluster 
and the absence of the oc -vinyl cluster. Such, Indeed, is the case. 
More interesting, however, is the fact that long-range coupling occurs 
between the protons of the methyl and methylene groups. 
The downfield cluster of the spectrum is assigned to the vinyl 
proton and is a highly split multiplet centered at Y1 = 2.79• This 
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multiplet is split by coupling with the protons of both the methyl and 
3 -methylene groups. 
The two methylene groups comprise an A^Bg grouping. Of the two 
mirror image clusters the downfield one is split by the vinyl and methyl 
protons. Interpretation must be based upon consideration only of the 
upfield or B cluster. The band center of the AgBg system is 143*7 cps. 
The upfield cluster is schematically shown in Figure 10. The cluster 
1 | 
band 1 i ! 
center >-1 ! j ! 
Figure 10. Schematic representation of the upfield half of 
th» AgBg pattern of 2-methyl-cyclopent-2-enone 
consists of six lines: 140.5, 138.6, 136.2, 133.5. 131.7 and 130.0 cpe. 
There is obviously more overlapping of lines than In the case of cyclo­
pentenone. As a start, the assumption is made that the first peak 
(140.5 ops) corresponds to transitions 4 and 3 and that the last peak 
(130.0 cps) corresponds to transition 1. One then proceeds in much the 
same manner as in the case of cyclopentenone and related AgEg systems. 
One assumes K to be relatively large and hence lines 1, 2, 3» 4, 6 and 7 
are the same as taey would be in the case where J * J1. The ratio 
J / V0£ is calculated to be 5*3 / 13*3 * 0.4. Referring to a table of 
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transition energies one obtains calculated values for the transitions as 
shown in Table 4. 
Table 4. Calculated and actual transitions of the upfield cluster of 








4 141.4 140.5 
3 140.5 138.6 
6 136.6 136.2 
7 133.8 133.5 
2 132.1 131*7 
1 129.9 130.0 
Lines 9» 10, 11 and 12 are calculated on the basis that M is 
negligible and that (J - J1) is 4.7 cps, the same value as in cyclo­
pentenone. Proceeding on this basis one obtains a value of 134.2 cps 
for transitions 9 and 10 and 139.0 cps for 11 and 12. The 139.0 is in 
reasonably good agreement with the actual peak at 138.6 cps. The 134.2 
peak would be eaqpected to reinforce the peak at 133*5 and indeed this 
peak is about twice the intensity of its neighbors. The «c-methylene 
group is centered at T = 7*72 and the (3 -«ethylene group at 7*49* 
The methyl absorption cluster appears outwardly to be a quartet 
centered at T s 8*29* However this pattern is unreasonable to account 
for coupling with the methylene group and with the vinyl proton. It 
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would seec that there are in actuality two triplets partially super­
imposed as shown in Figure 11. is 1.9 cps and t3 is also 1.9 
cps. 
i 
Figure 11. Schematic representation of the «ethyl absorption 
cluster of 2-eettyl-oyclopent-2~enone 
2-Methorl-4~dxazo-cyclopent-2-enone 
The first cluster encountered in the spectrum of this compound is a 
highly split multiplet centered it î » 3.29. This is assigned to the 
vinyl proton. 
The methylene group appears as a quintet centered at T = 6.43. 
The quintet arises from the overlapping of two quartets as shown 
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Figure 12. Schematic representation of the methylene absorption 
cluster of 2-»ethyl-4-dla«>-cyclopefit-2-enone 
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long-range splitting of the methylene protons by the protons of the 
methyl group. This quartet is, in turn, split by coupling with the vinyl 
proton. Jjy is calculated to be 2.2 cps and ^ to be 2.2 cps. 
The methyl group appears as a quartet centered at " = 5.20. The 
quartet is actually two partially overlapping triplets. Coupling of the 
methyl group with the methylene protons gives rise to a triplet pattern 
for the methyl protons. This triplet is, in turn, split by coupling 
with the vinyl proton. ^ = ^ Me,3 3 ^*9 ops. 
l-Hethyl-cyclopentene-4,5-dione 
In the spectrum of this compound one again observes long-range 
coupling between the metlyl and methylene groups. 
The vinyl proton gives rise to a highly split multiplet centered at 
r = 2.28. 
The methylene protons appear as a quintet centered at T = 6.97. As 
in the 4-dlazo analog, it is a case of two overlapping quartets. and 
J4,Me are 2.6 cps. 
The methyl group appears as a sextet centered at f • 8.03. This 
pattern arises from the splitting of a triplet. ^ is 2.5 cps and 
Jîfe,3 18 le3 =P8» 
Generalisations Concerning Chemical Shifts and Coupling 
Constants of Protons on the Cyclopentenone Ring 
The chemical shifts and coupling constants of the ring protons of 
cyclopente nones are, of course, dependent upon the position or positions 
substituted and the nature of the substituent. Although the number of 
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compounds examined vas not large enough to constitute a definitive study 
it is, none the less, possible to note general trends and to make 
reasonable correlations of the data obtained. 
* -vinyl protons 
The protons on the -vinyl carbon of the cyclopentenone s studied, 
arranged in order of increasing tan-value, are summarized in Table 5* 
The tau-values fall within the range 3•63-3*95 for cyclopentenone 
and its derivatives monosubstituted on carbon 4 or carbon 5» or on both 
as in dicyclopentadienone. In the case of the 3,4-dletboay derivative 
the resonance effect of the i3 -ethaxy group is electron donating, thereby 
shielding the <=c -vinyl proton and shifting its absorption to higher field. 
Table 5 • Chemical shifts and coupling constants of the -vinyl proton 








Dicyc lopentadlenone 3*63* 5.7 1.3 
5-Oxalyl-cyclopentenone 3.64 6.0 2.0 
4-Acetoxy-cyclopentenone 3-75 5.7 1.3 
4-Bromo-cyclopentenone 3.79 5-7 1.2 
Cyclopentenone 3-89 5.8 2.2 
5-Bthoxy-cyclopentenone 3.95 5-9 2.1 




It is of interest to note the shift in value of J24 frcsa 2.0-2.2 cps 
when carbon 4 is unsubstituted to 1,2-1,3 cps when carbon 4 is monosub-
stituded. J34» however, retains the same value of approximately 2,5 cps. 
Preliminary calculations of the KMR spectrum of the recently prepared-^ 
compound, 4-dlmethylamino-cyclopentenone, indicate that this compound 
also shows diminished coupling between the 2 and 4 positions. When the 
carbonyl group is replaced by an ethylene ketal ring Jg4 apparently does 
not undergo an analogous shift in value. The cyclic ethylene ketal of 
cyclopentenone has a ^ 4 of 2.0 cps and the 4-dimethylaad.no derivative 
has a value of 2.1 cps. 
No coupling was found between the protons of carbon 2 and carbon 5 
of the oydopentenonos examined. 
9 -vinyl proton» 
The chemical shifts and coupling constants of the p -vinyl protons 
of the cyclopentenones examined are summarized in Table 6. 
Cyclopentenone and its derivatives mono subs tituted in the 4 or 5 
position have tau-values in the range 2.37-2.49. Substitution of a 
methyl or lydrozyl group for the °< -vinyl proton shifts the absorption 
to higher field except in the case of l-œethyl-eyclopentene-4,5-dione 
where the additional carboryl group, as expected, deshields the (3 -vinyl 
proton. 
The coupling constant Jis in the range 2.2-2.8 cps regardless of 
-^J. F. Fitzpetrick, Ames, Iowa, NMR spectrum of 4-dimethylamino-
cyclopentenone, Private communication, 1961. 
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Table 6. Chemical shifts and coupling constants of the 3 -vinyl proton 






l-Xethyl-cyclopentene—4-, 5-dione 2.28* 2.6 
Cyclopentenone 2.37 2.6 
4-3roeo- cyclopentenone 2.39 2.6 
5-0xalyl-cyolopentenoae 2.44 2.3 
4-Aeetoxy-cyclopentenone 2.49 2.4 
5-Ethoxy-cyclopentanone 2.49 2.8 
Dicyclopentadienone 2.58a 2.5 
2-Metkyl-cyalopent-2-enone 2.79 
2-Xethyl-4-diazo-cyclopent-2-enone 3.29 2.2 
2-9ydro r^-cyclop>ent-2-enone 3.54 2.5 
*In UUCI3• 
substitution. 
No coupling was observed between the protons on carbon 3 and carbon 
5 of the cyclopentenones examined. 
Protons on carbon 4 
The chemical shifts of protons on carbon 4 are listed in Table 7. 
The chemioal shift of protons on carbon 4 varies considerably with the 
nature of the substitution. The lowest tea-value s are obtained when the 
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Tabla 7» Chemical shifts of protons on carbon 4 of soma cyclopentanones 
in CCI4, 
Compound Tau value 
4-Acetoxy-cyolopentenone 4.22 
4-Bromo-cyclopentenone 4.87 
3,4-Die thoxy-cyclopentenone 5.63 
5-Ethoxy- eye lopentenone 6.33s 
2-Me thyl-4-diazo-cyclopenteno rte 6.43 








4-poaition is nonoaubstituted as in the case of 4-brooo or 4-acetoxy-
cyclo pente none. Substitution in the 5-position shifts absorption of 
protons on carbon 4 to higher field. 
When the protons on carbon 4 are part of an AgBg system the absorp­
tion varies within the range Y* = 7*36-7.56. The substitution of a 
methyl group for the «< -viryl proton somewhat compresses the AgBg 
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spectrum of eyelapantenona and thus the absorption of ths protons on 
carbon 4 is shifted, upfield frcti 7»3© to 7.49» The case of cyclopentane-
1,2-dione is unusual in that the A2B2 pattern virtually coalesces at 
r = 7.56. 
Protons on carton 5 
The protons on carbon 5 of the compounds examined are, with one 
exception, part of either an ABX or AgBg system. The chemical shifts and 
coupling constants for these protons are listed in Table 8. 
Table 8. Chemical shifts and coupling constants of the protons on 










4-Brorao-cyclopente none 7.05 
7.37 
19.3 6.4 1.3 
4-Acetoxy-. cyclopentenone 7.28 
7.79 
18.6 6.4 2.4 
3,4-Diethoay-cyclopentenone 7.45 
7.79 
19.5 6.5 2.3 
5-Ethozy-cyclopentenone 4.98* 
Dicyclopentadienone 7.04*> 
2 - îfydroxy-cy c lope nt- 2-eno ne 7.56 
2-Methyl-cyclopent-2-enone 7.72 7.7 3.0 




In general, the protons on carbon 5 absorb at lower field when they 
are part of an ABX system. The coupling constants between the protons 
of the three ABX systems examined show quite similar values regardless of 
the nature of the substituent. 
When the protons on carbon 5 are part of an AgBg grouping the 
absorption falls in the range r = 7.56-7.76. It can be seen that in 
this type of A^B^ grouping the protons alpha to the carbocyl group absorb 
at somewhat higher field than do the protons beta to the carbonyl. Sub­
stitution of a methyl group for the ot -vinyl proton has only a small 
effect on the AgBg spectrum of cyclopentenone. 
Correlation of Coupling Constants with 
Structure of Cyclopentenones 
Karplus and 00-workers-^' have published calculations, using a 
valence bond treatment, which show the coupling constant between garnirai 
protons and also between protons on adjacent carbons to be a sensitive 
function of the bond angles involved. 
These calculations indicate that as J varies from 25 to 0, the 
geminal H-C-3 angle varies from about 102° to 0°. The geainal carbons 
of cyclopentenone s containing an ABX system thus afford an opportunity to 
obtain values for H-C-H angles in these systems. Table 9 tabulates data 
for three such cyclopente nones in which the metlgrlene group under con­
sideration is alpha to the oarbonyl group. 
33H. S. Gutowsky, M. Karplus and D. M. Grant, £. Cbea. Piers.. 31. 
1278 (1959). 
3*M. Karplus, £. Ghem. Phys.. 11 (1959). 
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Table 9» Predicted geainal angle 5-C-H in three cyclopenteaones 
Compound J^g B-C-H 
isssl 
4-3rooo-cyclopentenone 19.3 106° 
4-Acetoaqr-cyclopentenone 18.5 106° 
3,4-Sia tho3Qr-cyclopentenone 17.6 107° 
The spin coupling constant between adjacent protons of a saturated 
system is predicted to vary from about 8 at 0° to 0 or less at 9CP and 9 
at 180°. Conrcyp^ has published a graph based on a molecular orbital 
treatment and supported by some experimental data, that shows a somewhat 
modified correlation. He differs from Karplus1 values in the region 
90-130°, the J's being somewhat greater for a given angle in this region. 
The J at 180° is shown as approximately 11. Shown in Table 10 are 
Jg% and predicted-^ dihedral angles for three cyclopenteaones. 
It oan be seen that if the geainal angle of 106° is correct, and 
models indicate that this is approximately the case, then the predicted 
dihedral angles do not agree with the actual angles. For example, in 
the case of 4-brooo-cyclopente none 145° - 59° la 86° instead of 106°• 
Karplus has also calculated that the theoretical spin coupling 
^Conroy, OP. cit.. pp. 308-311. 
-^Karplus, pp. cit.. p. 11. 
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Table 10. Predicted dihedral angle H-C-C-3 in three cy elope rrte nones 
J&Y Dihedral Jgj Dihedral 
Compound angle angle 
i.'iîl*) ( w) 
4-3romo-cyelopentenone 6.4- 145° 1.8 59° 
4-Aoetoxy-oyolopentenon9 6.4 145° 2.4 560 
3,4-Diethoocy-qyolopentenone 6.5 146° 2.3 56° 
constant for protons of ethylene is 6.1 cps when the dihedral angle is 
0° and 11«9 when it is 180°. Most of the eyelopentanones examined have 
coupling between the ring vinyl protons in the range 5*6-6.0 cps. 
Trends among the Cyclopentendiones 
The chemical shifts of the vinyl protons of the two cyclopentendionee 
examined are listed in Table U. These tan-values fall between the 
average values for the vinyl protons of the cyclopente no ne a. They are, 
however, closer to the £ -vinyl values. 
Table 11. Chemical shifts of the vinyl protons of two cyolopentendiorvas 
Compound Tau value 
Cyclopente n~ 3,5-dione 2.69 
4,4-Dibroao-cyclopenten-3,5-dione 2.77 
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Treads within tha 2-Methyl-cyclopent-2-enone Sérias 
An interesting feature of the three eethylcyclopentenones examined 
is that all of them show long-range coupling between the protons of the 
methyl group and the protons of the carbon k methylene group. The 
chemical shifts and coupling constants of these compounds are summarized 
in Table 12. 
Table 12. Chemical shifts and coupling constants for some 












2-anone 8.29 2.79 7.49 1.9 1.9 
2-Metfc(yl~4-di&io-
oyclopent-2-enone 8.20 3.29 6.43 1.9 1.9 2.2 
1-Me thyl-cyclopente ne-
4,5-dicnea 8.03 2.28 6.97 2.5 1.3 2.6 
*In CDCI3. 
The taturaiues of the methyl and f -Yiiyl protons show the expected 
trends. The absorption of the endione is shifted downfield by the 
deehielding effect of the extra carbony1 group. 
The protons on carbon 4 do not show such a clear trend. The absorp­
tion at 7.49 in the ease of methyl cyclopente none is in the region where 
other cyclopente no ne AgBg systems absorb. The tau-ralne of 6.97 for the 
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endione is farther upfield than might be expected and perhaps reflects 
shielding due to electrons drawn toward carbon 4 from the double bond. 
The long-range coupling between the methyl group protons and the 
methylene group is 1.9 cps for the enone and diatoenone, but is 2.5 cps 
in the case of the endione. In the case of the endione, j has a 
lover value than in the other two compounds. This lowering of j 
reflect the withdrawal of electrons from the double bond by the extra 
carbonyl group. 
approximately the same value as in other cyclopente nones. 
The long-range coupling between the methyl protons and the methylene 
protons occurs over four single bonds and one double bond. The magnitude 
of the coupling constants obtained agree substantially with the calcula-
y? 
tions of Karplus. He points out that in unsaturated systems the 
1?-electron contribution to the long-range coupling constants is much 
larger than the contribution of the sigma bonds. Jgg (1P) of the protons 
in the system H-C-OC-C-H is calculated to be 2.0 cps. 
To clarify the methyl-ice thy lene splitting an attempt vas made to 
exchange the methylene protons in DgO. The diaeo-enone immediately de­
composed in basic Treatment of the endione in DgO led to what 
appears to be addition of DgO to the molecule and subsequent rearrange­
ment as shown in Figure 13. When this reaction was followed by ÎTMR the 
vinyl absorption virtually disappeared and new absorption, very similar 
to an ABX pattern, arose upfield. When the reaction was followed by UV 
M^. Karplus, J. Am. Chew. Sog., §£, 4432 (i960). 
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Figure 13• Postulated reaction of 1-cettyl-cyclopentene-4,5-dione in DgO 
spectroscopy the absorption peak shifted from 245 to 265 • 
Equilibration of Cyclopentenones in DgO 
Several equilibration experiments involving cyclopentenones were run 
in DgO and the progress of the équilibration followed by NXR. The re­
placement of a proton by deuterium is evidenced by the disappearance of 
the original proton absorption and by diminished splitting in the 
absorption lines of protons that were coupled with it. 
Equilibration of cyclopentenone 
Equilibration of cyclopentenone was followed in made 0.25 H. 
basic with NagCO^  and also in DgO made 0.9 N. acidic with HC1. In each 
case the upfield cluster of the AgBg pattern steadily diminished in 
intensity until it had virtually disappeared. In the basic medium this 
took about 15 hours and in the acidic medium about 24 hours. In each 
case the downfield half of the AgBg pattern retained approximately its 
original intensity but exhibited less splitting. The viryl protons 
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retained their original intensity and splitting. 
The disappearance of the upfield half of the AgSg pattern coincident 
•with no change in the vinyl peaks would indicate that deuterium is ex­
changing directly with the protons of the -methylene group. It would 
appear to rule out exchange with another proton of the molecule and sub­
sequent tautooeriiation of the double bond. 
Equilibration of 5-ethoxv-cvcIopentenone 
Equilibration of this compound in 0.05 N. basic DgO was inconclusive 
due to polymerization. After two hours there was no evidence of exchange 
taking place, but polymerization had proceeded to such an extent that 
later spectra were not well resolved. The solution be cane yellow and a 
white precipitate formed. 
The spectrum of 5-ethoxy-cyclopentenone in 0.9 N. acidic DgO 
remained unchanged during 60 hours. The solution remained clear and 
colorless. 
Equilibration of 3.4-diethoxy-cyclopentenone 
The equilibration of this compound was carried out in DgO made basic 
to 0.25 N. by the addition of Ba^ OO^ . HMR spectra were taken at inter­
vals. A study of the spectra, however, does not lead to a clear con­
clusion as to whether exchange is taking place in preference to 
elimination of ethanol from the molecule. 
Spectra taken during the first several hours showed little change 
except for a slight lessening of intensity of the AB octet. The HOD peak 
maintained its original intensity. Direct observation of the methinyl 
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proton of tha A3X system was not possible since its absorption vas 
largely obscured by the BOD peak. 
After nine hours a weak new quartet could be observed intermingled 
with, and slightly upfield of, the corresponding peaks of the methylene 
quartet of the ethoxy group on carbon 4. The newly emerging quartet 
continued to slowly increase in intensity. The HDD peak also became 
more intense and the AB octet continued to slowly diminish. 
After 45 hours the AB octet was still clearly discernable but it 
had diminished to about one-half its original intensity. The HDD peak 
had continued to increase in intensity as had the emerging methylene 
quartet which had by now attained about £ the intensity of the original 
upfield methylene quartet. There were also indications of a new triplet 
intermingled with, and slightly upfield of, the original upfield methyl 
group triplet. All the other peaks had retained approximately their 
original intensity and splitting. The solution became yellow, but no 
precipitation occurred. 
It would appear that both exchange and elimination are taking place 
at relatively slow rates. In any event, the exchange of the proton on 
the carbon alpha to the carboryl group is taking place at a much slower 
rate than in the case of cyclcrpentenone. 
To test the conclusion that ethane1 is slowly being eliminated from 
the molecule, a solution of 3 »4-die thoxy-cyclopentenona in basic DgO «as 
prepared as above except that 10ji"L of ethanol were added. The NMR 
spectrum of this prepared solution was similar with respect to line 
positions to that obtained above after 45 hours of equilibration. The 
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added ethanol had produced a new quartet in the same position, and of 
similar intensity, as that of the newly formed quartet mentioned above» 
A new methyl triplet was produced slightly upfield from the original 
upfield methyl quartet. 
Equilibration of 4-acetozy-cyclopentenone in basic DgO 
The equilibration of this compound was followed in DgO made basic 
to 0.75 N. by the addition of NagGO^ . 
An NMR spectrum taken in the interval f-minute to 2 minutes after 
base addition showed the appearance of a new strong singlet about 15 cps 
upfield from the aceto^  methyl peak. This new peak was approximately 
one-half the intensity of the original methyl peak. The new peak rapidly 
increased in intensity and became equal to the original methyl peak after 
twelve minutes. By this time the solution had become bright yellow and 
cloudy. 
After twenty-four hours the new methyl peak was more intense than 
the old methyl peak by a factor of about three to one. The rate of 
growth of the peak had slowed considerably in the past twelve hours. 
The 0 -vinyl and methlqyl clusters had remained much the same or slightly 
diminished in intensity. The BOD peak had increased only slightly. The 
oi. -vinyl cluster showed the presence of some new peaks on the upfield 
side. The AB octet had diminished somewhat in intensity and some new 
peaks and broad low intensity absorption had arisen in this region. 
To ascertain if the new peak was due to the formation of acetic 
acid a blank run of 8 of acetic acid in 400 JAL of the base solution 
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used In the equilibration lias prepared. The XXR spectrum of this pre­
pared solution shoved a methyl group singlet that coincided exactly with 
that of the new peak described above. 
The immediate appearance of the acetic acid peak In the spectrum 
indicates that elimination occurs very rapidly in the oase of 4-acetoiy-
cyclopentenone. That elimination takes place is supported by the fact 
that when a sodium carbonate solution is slowly added to an aqueous solu­
tion of the acetozy-enone a bridged carbonyl peak appears at 5 «63 microns 
in the IR spectrum. This indicates elimination and Diels-Alder dimeriza-
tion is probably taking place. 
The photodimerlsation of cyclopente no ne is outlined in Figure 14. 
The product of the Irradiation should be one or more of four possible 
isomers: head-to-head cis or trans; and bead-to-tail cis or trans. 
The NMR spectrum of the photo diner shows all the absorption lines 
of the twelve protons to be grouped in the approximate range ^  * 7.0-8.0. 
The complexity of so many intermingled absorption patterns prevents a 
comprehensive Interpretation of this spectrum. 
Cyclopentenone Photodimer 
0 0 0 0 II II 
cis or trans 
0 
cis or trans 
Figure 14. Photodiaerizatlon of cyclopentenone 
5? 
In an attempt to clarify the structure of the photodiaer, it was 
treated with trifluo rope race tic acid and the di lactone derivative 
obtained. The expected structure of the dilactoras is the one in which 
the oxygens are inserted into the cyolopentane rings in a position 
adjacent to the cyclobutane ring a* shown in Figure 15. 
a^ o •0-^0 CK/O 
or 
cis or trans cis or trans 
Figure 15. Dilactone derivative of the photodimer 
of cyclopentenone 
The NMR spectrum of the dilactone is more informative. The absorp­
tion lines are spread over a longer range of the spectrum and thus it is 
possible to surmise the protons responsible for the various absorption 
clusters. 
In examining the spectrum of the dilactone the first group en­
countered is a sharp quartet centered at ~r = 5.23. The fact that only 
four lines are present and also that the cluster is shifted noticeably 
downfield from the other absorption leads one to assign this quartet to 
the two tertiary protons adjacent to the ester groupings. The splittings 
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of the quartet are 4.1 and 8.3 cps. 
The next cluster upfield is an octet, the four Inner lines of which 
are more intense than the outer lines. Most of the splittings of the 
octet match well with the splittings of the downfield quartet. This, as 
well as the fact that the intensities are similar, leads one to assign 
this octet to the two tertiary protons of the cyclobutane ring that are 
not adjacent to the aster oxygens. 
Immediately upfield from the octet is a series of lines which are 
presumed to arise from the methylene protons. The series of lines is 
seen to divide itself into halves, the upfield half consisting of more 
highly split and less intense peaks. Sane of the fine structure of these 
peaks matches with the fine structure of the octet which had been 
assigned to the tertiary protons adjacent to the p -methylene protons. 
These less intense peaks are therefore assigned to the  ^-methylene 
protons and the downfield half, containing the more intense peaks are 
assigned to the methylene group adjacent to the carbonyl grouping. 
The protons of the cyclobutane ring of the dilactone derivative 
would be expected to constitute an grouping. The protons adjacent 
to the ester group oxygens should gAve rise to thd less split downfield 
portion of the absorption pattern, while the protons adjacent to the 
p -methylene group would be expected to show absorption at higher field 
and also to exhibit more splitting. 
Examination of the dilactone spectrin is thus undertaken on the 
assumption that the four sharp downfield peaks arise from the A protons 
of an AgZg system. If this be the case then one should be able to 
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match this A pattern against the predicted A patterns of the four possible 
isomers and thus obtain a tentative identification of the correct isomer. 
The energies and intensities for the A transitions of the AgXg 
38 patterns of the four possible isomers were calculated and the conclu­
sions are summarized below. 
In the case of the head-to-tail cis isomer one would have identical 
protons opposite one another in the eyelobutane ring. Assuming no 
coupling occurs across the ring, each A proton would be split only by 
two identical protons and thus a triplet pattern would be expected. 
In the case of the head-to-head cis and head-to-head trans isomers 
Jaa * > 0» - 0 azx* ^ A3 > 0. Calculations made on this basis 
indicate that six A transitions should arise, two of which are approxi­
mately twice as intense as the other four. 
In the head-to-tail trans isomer, « Jgg = 0, J^ b = J%B anc* both 
are greater than zero. Calculations made on this basis indicate that 
four A lines of equal intensity should be present. 
From this interpretation of the NMR spectrum of the dilactone 
derivative it would appear that the solid cyclopentenone photodimer may 
tentatively be assigned as the head-to-tail trans isomer. 
There is a very recent report of the irradation of cyclopentenone 
J. A. Pople, W. 0. Schneider and H. J. Bernstein, High-Resolution 
Nuclear Magnetic Resonance, New York, N.T., McGraw-Hill Book Co., Inc., 
1959, pp. 140-141. 
60 
vit h light above 300 7nu to obtain a photodiaar.-^ The abstract of tie 
paper, however, does not mention the stereochemistry of the dimer. 
E. Eaton, The Photodimer of Cyclopentenone, 140th National 
Meeting of the American Chemical Society, Chioago, 1961. Abstract of 
Papers Presented to the Division of Organic Chemistry, p. 57» 
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SP20TRA 
The NMR spectra were taken with a Variaji Model HR-60 high-re solution 
n.a.r. spectrometer. 
Chemical shifts were measured with respect to tetranathçylsilane as 
an internal reference using side-bands applied by a calibrated audio 
oscillator. The spectra were recorded on a Mose3y Recorder, Model 2S. 
In most instances the tube containing the sample solution was 
evacuated and sealed so as to minimize line broadening due to Og present. 
The accuracy of a given absorption line is estimated to be Î0.4 cps. 
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Figure 16. NMR spectrum of cyclopentenone 

63 
Figure 17. Expansion of cyclopentenone spectrum 
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Figure 19, Expansion of 4-bromo-eyclopentenone spectrum 
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Figure 20. HMR spectrum of ^ -aoeto^ r-oyelopentenone 
30uL/400fL:CCL 
Figure Expansion of 4-aeeto*y-cyelopentenone spectral 
. i f 
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Figure 23. Expansion of 5-oxalyl-oyolopenteoune speetftrtai 
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Figure 26. HMR spectrum of cyclopentane-l,2-dione 
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Figure 28. WXR speotru* of 3»4-dlethoaQr-cyelopentezxane 




Figure 29. Expansion of 3,4-dietho^ -oyclopentenone spectrum 
—îiTO7'™^ * i 
N. 
Figure 30. HMR spectrum of ethylene ketal of cyclopente none 
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Figure 31. Expansion of cyclopentenone ketal spectrum 
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Figure 32. NMR spectrum of cyclopentene-3,5-dione 
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Figure 33* epectrue of di cyclopentadienone 
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Figure 3^ » Expansion of dicyclopentadienone spectrte 

31 




; ' i • i ' J ' I • 1 ' ' ; ' I — •— i 
Fignre J6, Bhqpansion of 2-o»thyl-oyclopent-2-enone «peetrw 
H»C 
